Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is an essential enzyme involved in glycolysis. Despite lacking the secretory signal sequence, this cytosolic enzyme has been found localized at the surface of several bacteria and fungi. As a surface protein, GAPDH exhibits various adhesive functions, thereby facilitating colonization and invasion of host tissues. Streptococcus agalactiae, also known as group B streptococcus (GBS), binds onto the host using its surface adhesins and causes sepsis and pneumonia in neonates. GAPDH is one of the surface adhesins of GBS binding to human plasminogen and is a virulent factor associated with host colonization. Although the surfaceassociated GAPDH has been shown to bind to a variety of host extracellular matrix (ECM) molecules in various bacteria, the molecular mechanism underlying their interaction is not fully understood. To investigate this, structural studies on GAPDH of S. agalactiae were initiated. The gapC gene of S. agalactiae NEM316 encoding GAPDH protein was cloned into pET-28a vector, overexpressed in Escherichia coli BL21(DE3) cells and purified to homogeneity. The purified protein was crystallized using the hanging-drop vapour-diffusion method. The GAPDH crystals obtained in two different crystallization conditions diffracted to 2.8 and 2.6 Å resolution, belonging to two different space groups P2 1 and P2 1 2 1 2 1 , respectively. The structure was solved by molecular replacement and structure refinement is now in progress.
Introduction
The Lancefield group B streptococcus (GBS) is a human commensal Gram-positive coccus that causes pneumonia, sepsis and meningitis in neonates (Arisoy et al., 2003; Puopolo et al., 2005) . The transmission of the bacterium to neonates takes place by colonization of the gastrointestinal and urogenital tracts of mothers, and up to 40% of healthy women are colonized with GBS. 1-2% of colonized neonates develop acute infections (Rosenau et al., 2007) . Streptococcus agalactiae infections are usually treated with penicillin. Nevertheless, with the presence of many penicillin-allergic individuals, macrolides and clindamycin remain important drug alternatives in these cases, and an increase in resistance to these has been described in several countries (Sherman et al., 2012; Lambiase et al., 2012; Kimura et al., 2013; Wang et al., 2013; Frö hlicher et al., 2014) .
Adherence followed by colonization of human tissues is the primary step in any bacterial infection. In general, bacterial adhesion is mediated by several cell-surface structures, mostly proteins and lipoproteins termed adhesins that bind to components of the extracellular matrix (ECM). The ECM includes glycoproteins such as collagen, fibrinogen, fibronectin and laminin that form the underlying basement membrane of the epithelial and endothelial cells (Hay, 1991) . Several interactions between S. agalactiae surface proteins and ECM components have been reported and it has been suggested that these interactions are critical for bacterial tissue adhesion and invasion (Maisey et al., 2008; Tazi et al., 2012) .
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; EC 1.2.1.12) is a glycolytic enzyme that catalyses the conversion of glyceraldehyde 3-phosphate (G3P) to 1,3-biphosphoglycerate (1,3-BPG). Besides its glycolytic activity in the cytosol, electronmicroscopic and fluorescence-activated cell-sorter (FACS) studies of GAPDHs of various organisms revealed its localization on the cell surface. The surface-localized GAPDH acts as a binding partner with proteins of the human extracellular matrix, playing a key role in bacterial infection (Pancholi & Chhatwal, 2003; Lama et al., 2009; Dumke et al., 2011) . The surface-bound enzymatically active GAPDH of GBS has been described as a secretory protein despite lacking a signal peptide, and the transport mechanism of the cytosolic protein to the cellular surface still remains unidentified (Seifert et al., 2003) .
The GBS GAPDH is highly homologous to the plasmin receptor protein of group A streptococcus (GAS; Itzek et al., 2010) . It interacts with the human plasminogen system to increase the proteolytic activity on the bacterial surface. The enzyme has been partially characterized and found to bind to actin and fibrinogen (Seifert et al., 2003) . It has been designated as a virulence-associated immunomodulatory protein (VIP) as higher concentrations of IL-10, an immunosuppressor, were seen in the serum of mice treated with recombinant GBS GAPDH (Madureira et al., 2007) . This implies successful host colonization of S. agalactiae, thereby highlighting the direct role of GAPDH in this process. Recently, it has been shown that maternal vaccination with recombinant GAPDH (rGAPDH) protects mice neonates from GBS infection (Madureira et al., 2011) . These data and the presence of GAPDH in all GBS strains strongly suggest that GAPDH is an ideal candidate for global vaccine development.
GBS GAPDH consists of 336 residues comprising two domains: a cofactor (NAD + ) binding domain (residues 1-150) and a catalytic domain (residues 151-336). Although GAPDHs of many organisms have been extensively studied by X-ray diffraction methods, the binding mechanism of GAPDH to various ECM molecules still remains unidentified. In this direction, we initiated structural studies on the GAPDH protein from S. agalactiae. Here, we report its cloning, expression, purification, crystallization and preliminary X-ray analysis. Understanding the structure of GAPDH and the underlying molecular mechanism of binding to host plasminogen and fibrinogen will be useful in the development of drugs for treating and preventing streptococcal infections.
Materials and methods

Cloning and expression of rGAPDH
The gapC gene (gbs1811; http://genotype.pasteur.fr/SagaList) was PCR-amplified from S. agalactiae NEM316 chromosomal DNA using the forward and reverse primers GAP-NcoI (CGGccatggTAGT-TAAAGTTGGTATTAACGGTTTC) and GAP-XhoI (CGG-ctcgagTGCAATTTTTGCAAAGTATTCAAG), respectively (the restriction sites used for cloning are shown in lower case). The 1008 base pair gapC gene was digested with NcoI and XhoI and cloned into pET-28a vector which was linearized with the same enzymes to produce rGAPDH with a carboxylic histidyl tag. Escherichia coli DH5 cells were transformed with the plasmid pET-28a(+)-gapC and grown on Luria broth agar plates containing 50 mg ml À1 kanamycin. The positive clones were verified by DNA sequencing. The resulting plasmid was transformed into the expression host E. coli BL21(DE3) and protein expression was carried out in Luria-Bertani (LB) medium. 10 ml overnight culture was prepared and transferred to 500 ml LB medium supplemented with 50 mg ml À1 kanamycin and allowed to grow at 310 K with shaking (180 rev min À1 ) until an optimum optical density (OD 600 of 0.5-0.6) was reached. At this point, expression of the recombinant protein was induced with 1 mM isopropyl -d-1-thiogalactopyranoside (IPTG) at 310 K. After 5 h of incubation with shaking, bacterial cells were harvested by centrifu-gation using a REMI CPR-30 cooling centrifuge (rotor R-236) at 4000 rev min À1 for 20 min at 277 K.
Purification
The cell pellet was resuspended in 25 ml cold lysis buffer (20 mM Tris-HCl pH 8.0, 300 mM NaCl, 5% glycerol) with 1 mM phenylmethanesulfonylfluoride (PMSF) and ultrasonicated for 2 min at 25% amplitude (20 s on, 10 s off) on ice. This lysate solution was spun down at 10 000 rev min À1 for 45 min at 277 K using a REMI C-24BL cooling centrifuge (rotor R-241). The supernatant and pellet fractions were checked on a 12.5% SDS-PAGE gel and most of the overexpressed protein was found in the soluble fraction. The supernatant was passed through a 0.22 mm membrane filter to remove any cell debris from the preparation for protein purification. The first step involved in the protein purification was immobilized metal-affinity chromatography (IMAC) using an Ni-NTA column (5 ml HisTrap column, GE Healthcare) which was equilibrated in the lysis buffer to capture the target 6ÂHis-tagged fusion protein from the supernatant. The bound protein was eluted stepwise with buffer A (20 mM Tris-HCl pH 8.0, 300 mM NaCl and 5% glycerol) containing increasing concentrations of imidazole (100, 200, 300, 500, 700 mM and 1 M). The elution fractions were checked on 12.5% SDS-PAGE gel and the rGAPDH protein was found in the 200 and 300 mM imidazole fractions. These fractions were pooled, concentrated to approximately 1.5 ml and subjected to size-exclusion chromatography using Superdex 75 prep-grade matrix in a 10/300 C column (GE Healthcare Biosciences) equilibrated with buffer A on an Ä KTA system (GE Healthcare Biosciences). 1.5 ml fractions were collected at a flow rate of 0.5 ml min À1 . The peak fractions containing the desired protein were checked on 12.5% SDS-PAGE, pooled and concentrated to 300 ml by centrifugal ultrafiltration (Pierce; 10 kDa cutoff). The concentration of the protein was measured using a UV spectrophotometer (A 280 ) using a calculated absorption coefficient of 0.640 (ProtParam; Gasteiger et al., 2005) .
Crystallization
Crystallization experiments were carried out using the hangingdrop vapour-diffusion method with Hampton Research screens (Crystal Screen, Crystal Screen 2, PEG/Ion, PEG/Ion 2 and SaltRx) and home-made screens such as ammonium sulfate versus pH and polyethylene glycol (PEG) versus pH. Initial crystallization trials were carried out by mixing 1 ml protein solution and 1 ml reservoir solution and equilibrating the drop against 1 ml reservoir solution at 287 K. Although crystals with different morphologies were obtained in the various Hampton Research screens, none were of diffraction quality. The home-made screens such as PEG 3350 and 4000 versus pH also gave small crystals and the initial diffraction of these crystals was weak, with typical diffraction limits of $4-6 Å resolution. Conditions consisting of 40%(w/v) PEG 3350 and PEG 4000, 0.1 M Tris-HCl pH 8, 8.5 and 9 were optimized by a repeated microseeding technique which yielded good diffraction quality crystals. For microseeding, seed stocks were prepared in volume ratios of 1:200 and 1:300 from a crystallization drop containing tiny crystals and reservoir solution, respectively. A human hair dipped into the seed stock solution was streaked onto a drop comprised of 1 ml protein solution and 1 ml reservoir solution, and long, sharp needle-like crystals and thick rod-shaped crystals were obtained within one week. 
Data collection and processing
For X-ray data collection, rGAPDH crystals grown in 40%(w/v) PEG 3350, 0.1 M Tris-HCl pH 9.0 were flash-cooled in a nitrogen-gas stream at 100 K. Diffraction data were collected at our in-house datacollection facility using a MAR345 image-plate detector and a Bruker MICROSTAR copper rotating-anode generator operating at 60 mA and 45 kV. A total of 180 frames were collected with an oscillation step of 1 and an exposure of 160 s per frame. The crystal-to-detector distance was maintained at 200 mm. The diffraction images were indexed, integrated, merged and scaled using iMosflm (Battye et al., 2011) and SCALA (Winn et al., 2011) .
The crystals grown in PEG 4000 [40%(w/v) PEG 4000, 0.1 M Tris-HCl pH 9.0] diffracted better than the crystals grown in PEG 3350 and a complete data set was collected on beamline XRD1 at Elettra, Trieste, Italy using a CCD detector. All frames were collected at 100 K using a 1 oscillation angle and an exposure of 15 s per frame. The crystal-to-detector distance was set to 200 mm. The diffraction data were processed using iMosflm (Battye et al., 2011) and SCALA (Winn et al., 2011) .
In both cases, prior to data collection crystals were soaked for 30 s in a reservoir solution supplemented with 20% glycerol and flashcooled in a nitrogen-gas stream. The data-collection and processing statistics are given in Table 1 .
Results and discussion
The gapC gene of S. agalactiae encoding GAPDH protein was cloned into pET-28a vector, expressed in E. coli and purified using affinity and size-exclusion chromatography. The purified protein was concentrated to 12 mg ml À1 prior to crystallization trials. The 37 kDa protein migrates apparently around 45 kDa on SDS-PAGE (Fig. 1) . Crystals of different morphology such as plate-like, needle-like and hexagon-shaped were observed in various conditions with Hampton Research Crystal Screen and Crystal Screen 2 and with PEG 3350 and PEG 4000 as precipitants. However, single crystals that were suitable for X-ray diffraction measurement grew in drops consisting of 40%(w/v) PEG 3350, 0.1 M Tris-HCl pH 9.0 and also in drops consisting of 40%(w/v) PEG 4000, 0.1 M Tris-HCl pH 9.0 in one week with several rounds of microseeding (Fig. 2) . The crystals obtained in the PEG 3350 condition belonged to two different crystal systems, namely monoclinic and orthorhombic. The crystals corresponding to the former system were thinner and longer (0.7-1 mm) whereas the latter were broader and shorter, and the monoclinic form of the crystal diffracted better than the orthorhombic form even though the crystals grew in identical conditions in different drops. For a monoclinic crystal a complete data set was collected to a resolution of 2.8 Å . rGAPDH crystals were also obtained with PEG 4000 as a precipitant and these crystals belonged to the orthorhombic form. Although the orthorhombic crystals obtained using both PEG 3350 and PEG 4000 were similar in morphology, the latter diffracted to a resolution of 2.6 Å .
Analysis of the symmetry and the systematic absences in the recorded diffraction patterns indicated that the crystals belonged to the monoclinic P2 1 and orthorhombic P2 1 2 1 2 1 space groups. Deter- mination of the Matthews coefficient suggested the presence of 47.28 and 40.4% solvent content in the unit cell (V M = 2.33 and 2.06 Å 3 Da À1 ) with four molecules in the asymmetric unit for the two crystal systems, respectively (Matthews, 1968) . The crystal structure of homologous enzyme from various Grampositive species such as Staphylococcus aureus (PDB entry 3k73; Mukherjee et al., 2010) and Bacillus stearothermophilus (PDB entry 1gd1; Skarzynski et al., 1987) , Gram-negative species such as Thermatoga maritima (PDB entry 1hdg; Korndorfer et al., 1995) , Borrelia burgdorferi (PDB entry 3hja; Seattle Structural Genomics Center for Infectious Disease, unpublished work) and E. coli (PDB entry 1s7c; Berkeley Structural Genomics Center, unpublished work) and fungal species as Saccharomyces cerevisiae (PDB entry 4iq8; Liu et al., 2012) and Kluyveromyces marxianus (PDB entry 2i5p; Ferreira-da- Silva et al., 2006) are available. They exhibit sequence identity ranging from 50 to 69% with the S. agalactiae enzyme.
The structure of rGAPDH of S. agalactiae was solved by molecular-replacement with Phaser (McCoy et al., 2007) using the crystal structure of GAPDH from S. aureus (Mukherjee et al., 2010) as the search model. Final model building and refinement are in progress.
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